The genus Kitasatospora was proposed in 1982. Although Kitasatospora strains resemble Streptomyces strains in morphology, they are clearly different in cell-wall composition, as they contain both LL-and meso-diaminopimelic acid. Aerial and submerged spores contain LL − , while vegetative and submerged mycelia contain mainly meso-in their cell walls. Currently, 23 species have been validly proposed. Members of the genus Kitasatospora form a tight cluster and represent a legitimate genus distinct from Streptomyces on the basis of phylogenetic analysis of 16S rRNA gene sequences. A variety of biologically active compounds have been found from Kitasatospora strains and structures of these compounds are extremely diverse. Genome sequences of 15 strains published so far are about 7-9 Mb in size and contain many genes governing secondary metabolites.
INTRODUCTION
While screening for new bioactive metabolites, an actinomycete strain KM-6054 was isolated as a producer of a nematocidal substance, setamycin. 1 Unlike most actinomycetes, KM-6054 produced submerged spores with mycelia in liquid culture. At first, the two kinds of cells were wondered whether contamination or not. During taxonomic study of the strain, it was confirmed that the submerged spores were not due to contamination and originated from KM-6054 and the chemical composition of the strain was not the case with the cell wall types proposed by Lechevalier and Lechevalier. The strain was therefore not classified into any of the known genera of the order Actinomycetales. The Kitasatospora was proposed as a new genus of the order Actinomycetales on the basis of morphological characteristics and chemical composition in the cells of KM-6054 in 1982. 2 Strain KM-6054 was named as Kitasatospora setae KM-6054 T .
The genus Kitasatospora was transferred to the genus Streptomyces by a hybridization experiment using Streptomyces-specific 18 bp oligonucleotide probes of 16S rRNA genes in 1992. 3 In 1997, 4 Zhang et al. revived the genus Kitasatospora on the basis of phylogenetic analyses using 16S rRNA genes and 16S-23S rRNA gene spacers. The authors concluded that the genus Kitasatospora is a legitimate genus, distinct from Streptomyces, on the basis of phenotypic and genetic differences. Twenty three species have been validly proposed up to now.
Several novel chemicals have been discovered from Kitasatospora strains, including compounds with unique structures and interesting activities. This paper presents an overview of the taxonomic features of the genus Kitasatospora and the diversity of compounds produced by the various species in the genus.
TAXONOMIC FEATURES OF THE KITASATOSPORA Morphological characteristics.
The 5 strains of Kitasatospora grow well on both synthetic and organic agar media. The appearance of the colony is leathery. Figure 1 shows aerial mycelia (AM) and vegetative mycelia (VM) of Kitasatospora setae KM-6054 T , which is the type species and type strain of Kitasatospora. No fragmentation of the VM, sporangia, motile spores and sclerotia are observed. The AM produce more than 20 spores, aerial spores (AS), per chain. The morphological characteristics of KM-6054 grown on an agar medium resemble those of strains of the genus Streptomyces. 2 In submerged culture, Kitasatospora strains produce submerged spores (SS) from an early stage. Scanning electron micrographs displayed in Figure 2 show morphological change in a submerged culture using yeast extract-dextrose medium of strain KM-6054 T . 6 The images show that the SS start budding at 1 h, only vegetative mycelia are observed at 9 h, and SS appear at 15 h.
Chemical compositions in cell wall and whole-cell, and taxonomic criteria of the genus Kitasatospora One of the most important criteria of the genus Kitasatospora is the cell wall components. The cell wall hydrolysates of the Kitasatospora strains contain similar amounts of both LL-diaminopimelic acid (DAP) and meso-DAP, (one of the important keys for chemotaxonomy), as well as glycine and galactose. Whole-cell hydrolysates of the strainKM-6054 T contain galactose, while arabinose and xylose are absent. The predominant menaquinones are MK-9(H 6 ) and MK-9 (H 8 ). The phospholipid type is type PII. The acyl type of muramic acid is the acetyl type (Table 1) . Kitasatospora setae KM-6054 T is the type species and strain. 2, 7 When the strain KM-6054 T was cultured in a liquid medium, SS and mycelia were produced in stationary phase. The relationship between morphological changes and DAP isomers were investigated under synchronous liquid culture derived from only SS obtained by filtration (Figure 2 ). 6, 8 Time-dependent change show that SS inoculated begin budding after 1 h, then continue to elongate only mycelia until 9 h, SS appear again at 15 h. Graph of this figure shows DAPisomer analyses using total cells. Only LL-DAP is detected at 0 h, then amount of LL-DAP decrease, while meso-DAP content increases in association with growth of mycelia from 1 h to 10 h. This means that ratio of SS decrease whereas only mycelia increase until 10 h. SS newly differentiated from mycelia at 15 h begin start to budding and elongate (Data not shown). Both LL-and meso-DAP are detected after 15 h. Almost equal amounts of LL and meso-DAP are detected after 50 h. These indicated that the DAP isomers clearly correlated with the cell morphology, SS contained only LL-DAP whereas mycelia contained mostly meso-DAP, hence the possibility of bacterial contamination was excluded.
On the other hand, when DAP analysis was carried out separately on AS and VM of the KM-6054 T grown on an agar medium, it was found that AS contained LL-DAP and VM contained meso-DAP. 9 Further comparative study was carried out by analysis of DAP-isomers Genus Kitasatospora, taxonomic features and diversity of secondary metabolites Y Takahashi in morphologically-related organisms, Kitasatospora, Streptomyces, Nocardioides, Pseudonocardia and Actinomadura strains that produce long aerial spore chains. All of these reference actinomycete strains, except for K. setae KM-6054 T , contained the same DAP isomer types in both AM/AS and VM. 10 Taxonomic criteria of the genus Kitasatospora are summarized in Table 1 .
Twenty three species are validly proposed at present. Figure 3 shows the phylogenetic tree based on 16S rRNA gene sequences of member of the Kitasatospora. Phenotypic properties and the phylogenetic tree show that the Kitasatospora is a legitimate genus, distinguishable from Streptomyces, on the basis of phenotypic and genetic differences.
Five species, K. setae KM-6054 T , 2,11 K. griseola AM-9660 T , 10 K. phosalacinea KA-338 T , 10 K. cineracea SK-3255 T12 and K. niigatensis SK-3406 T12 have been proposed by our research group. Kitasatospora strains show resistance to novobiocin (Table 2) 13 and K. cineracea SK-3255 T and K. niigatensis SK-3406 T have been isolated using agar medium containing novobiocin (100 μg ml − 1 ).
CHARACTERISTICS OF AERIAL AND SUBMERGED SPORES OF
K. SETAE KM-6054 T Amino acid composition in cells of aerial and submerged spores.
As it was not clear whether the SS could be regarded as a true spore, some characteristics of submerged spore and AS were examined. 14 The SS resembled the AS in morphology, in containment of LL-DAP and in resistance to ultrasonication. In addition, transmission electron microscopy of thin sections of SS and mycelia showed that the cell walls of SS were thicker than those of mycelia ( Figure 4 ). Analysis of amino acid compositions of the cell walls of the four kinds (AS, SS and mycelia of solid and submerged cultures) found that four amino acids, DAP, Ala, Glu and Gly, were the main components in the hydrolysates of the cell wall. The molar ratios of the amino acids in the AS and SS were similar, except for minor differences in Glu and Gly content. The amino acid compositions of mycelia of both solid and submerged cultures were essentially the same. It was found that the peptidoglycan structures of the two kinds of spores, AS and SS, were similar, but were different from those of the two kinds of mycelia (both solid and submerged cultures). Our studies represented the first investigation of the amino acid compositions of the cell walls of the four kinds of cells derived from a single strain and which are morphologically distinguishable from each other. Figure 3 Phylogenetic tree based on 16S rRNA gene sequences of members of the genus Kitasatospora.
Genus Kitasatospora, taxonomic features and diversity of secondary metabolites Y Takahashi
Mode of formation and physiological regulation of submerged spores in K. setae KM-6054 T To investigate where SS are formed in the mycelia, a labeling experiment using [ 3 H] GlcNAc was carried out according to the methods of Brana et al. 15 We can detect active parts at each culture stage by this method. The synchronous submerged cultures at each stage were fed with [ 3 H] GlcNAc for 10 min and then analyzed immediately by microautoradiography. 16 [ 3 H] GlcNAc was actively incorporated into newly synthesized cell wall. At 4 h, germinating spores were labeled. At 9 h, the tips of the hyphae were labeled, the SS at 20 h and the newly germinating spores at 25 h. However, the old mycelia were not labeled and kept their forms without fragmentation. In other words, the old mycelia had stopped their activity. In contrast, newly produced SS began to elongate. The mode of SS formation in strain KM-6054 T is illustrated in Figure 5a , on the basis data obtained from this experiment. It shows that SS are produced as new cell from certain part on the mycelia and the mycelia remain, without fragmentation, as old mycelia. Some Streptomyces strains produce SS but the SS are produced by fragmentation of mycelia (Figure 5b ). [17] [18] [19] [20] [21] [22] [23] Feeding and shift-down experiments were carried out to identify the physiological regulation of SS formation of the strain KM-6054 T using minimum medium (MM) and casamino acid. 24 In feeding experiments, the strain produced SS when casamino acids were added in MM within 4 h after inoculation, but not when added after 6 h. In a nutritional shift-down experiment, SS were formed when casamino acids were removed from MM-CA after 8 h cultivation, but not when removed within 6 h. SS formation may therefore require at least 8 h incubation under nutrient-rich conditions.
Although reports about spores formed in the submerged culture are few, cases of Streptomyces griseus, 16, [21] [22] [23] [24] [25] Streptomyces roseosporus, 20 Streptomyces acrimycini, 18 Streptomyces albus 18 and Streptomyces venezuelae 19 have been published. Among them, Ochi et al. 22, 23 reported that the strain of S. griseus IFO 13189 forms SS along with a stringent response to nutritional starvation. By contrast, Ensign et al. 25 reported Figure 4 Transmission electron micrographs of thin sections of submerged spore (a) and mycelium (b) of Kitasatospora setae KM-6054T.
Genus Kitasatospora, taxonomic features and diversity of secondary metabolites Y Takahashi that the SS production of S. griseus NRRL 2682 T was not controlled by nutrient limitation, but by a clocked mechanism. It seems likely, from our experiments, that SS formation in strain KM-6054 T is not regulated by nutritional starvation. As illustrated in Figure 5 , the SS formation in submerged culture is apparently different from that of S. griseus. In S. griseus, SS formation occurs at a late stage of cultivation, with spores abundantly produced by random fragmentation of the mycelia. In Kitasatospora, the SS are formed in specific parts of the mycelia from an early stage and the mycelia co-exist with the SS until the late-age culture. Apparently, the tips and other specific parts of the mycelia are predestined to form the SS.
DIVERSITY OF BIOLOGICAL ACTIVE COMPOUNDS PRODUCED BY KITASATOSPORA STRAINS
New compounds produced by Kitasatospora At least 50 bioactive compounds have been discovered so far from Kitasatospora strains. The producing strain, compound name, activities of the compounds, reported by year, are shown in Table 3 . 1, 10, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] Setamycin possesses antitrichomonal and antifungal activities. Phosalacine possesses herbicidal activity. Propioxatins show enkephalinase B inhibitor. Terpentecin possesses antitumor activity, while other compounds possess a diverse range of bioactivities.
The molecular structures of the chemicals are shown in Figure 6 . This figure illustrates the diversity in structures macrolide, terpene, peptide, alkaloid and polyketide-of the substances isolated from Kitasatospora strains. Caruso et al. 38 reported that Kitasatospora sp. P&U 22869, isolated from Taxus baccata, produces paclitaxel. Paclitaxel is an anti-cancer drug produced by Taxus species having been originally isolated and purified from the bark of the Pacific yew tree (Taxus brevifolia). Figure 6 indicate strongly that Kitasatospora strains are highly active in producing secondary metabolites.
Genome sequencing of Kitasatospora strains
In 2010, the complete genome sequence of the setamycin (bafilomycin B1) producing strain K. setae KM-6054 T (NBRC 14216) was determined by a collaboration involving 12 organizations in Japan. 43 The genome length is long (8 783 278 bp), as long as Streptomyces strains. Genome annotation revealed 7 569 ORF, 74 tRNAs, 9 rRNA genes and 24 secondary metabolites biosynthetic gene clusters, governing production of setamycin, factumycin, spore pigment, lantiobiotic, siderophore and others. In 2012, Aroonsri et al. dicovered a novel β-carboline alkaloid, kitasetaline, from the strain K. setae KM-6054 T using genetic engineering. 39 The kitasetaline gene was not contained in any of the 24 secondary metabolite biosynthetic gene clusters predicted in report by Ichikawa et al. 43 This means that simple computational analysis based on the sequence homology has not been sufficient to find a biosynthetic genes.
The genome sequences of 15 strains are published in various database. The data shows that genome sizes are generally long (about 7-9 Mb) and contain many secondary metabolites genes. Arens et al. reported in draft genome sequencing that the setamycin (bafilomycin) producing strain K. griseola MF730-N6 is 7.97 Mb in size and contains an estimated 23 secondary metabolite biosynthetic gene clusters. Although clusters for the known metabolites, hopanoids, germacradienol/geosmin, spore pigment, a valanimycin-like compound, terpentecin, satosporin, and a spore-associated protein, were identified within the genome, 15 of the 23 gene clusters governed unknown products. 44 The known and, as yet unidentified, characteristics and properties of Kitasatospora strains are expected to make the Genus Kitasatospora, taxonomic features and diversity of secondary metabolites Y Takahashi Genus Kitasatospora, taxonomic features and diversity of secondary metabolites Y Takahashi genus rich resources for future microbiological, chemical and biomedical exploration. From chemotaxonomic characteristics, one of the most important features of the genus Kitasatospora is that the cell wall peptidoglycan contains both LL-DAP and meso-DAP. In 2014, Genevieve et al. 45 discussed the differences of genes related with morphology, focusing on DAP isomers in cell wall, comparing Streptomyces and Kitasatospora strains. They reported that genes of bldB, Mbl and WhiJ associated with cell development were absent in Kitasatospora strains, these findings may lead to new insights related to the control of development processes in members of the family Streptomycetacea. Furthermore, they said that these data provided biological support phylogenetic evidence that genus Kitasatospora was a legitimate genus distinct from Streptomyces. 45 Subsequently, two MurE (UDP-Nacetylmuramyl-L-alanyl-D-glutamic acid:DAP ligase) genes in the draft genome of K. cheerisanensis KCTC 2395 were identified by Hwang et al. in 2015. 46 Furthermore, they reported that another murE gene was found from complete genome sequence of K. setae KM-6054 T . It is expected that the mechanism of peptidoglycan biosynthesis in Kitasatospora will be fully elucidated in the near future.
CONCLUSION
It can be said that the actinomycetes is a special group among prokaryotes on due to their highly-developed morphology and their ability to produce a wide range of potentially useful essential chemicals and secondary metabolites. Numerous valuable bioactive natural compounds have been discovered from actinomycete strains.
In genus level classification of the actinomycetes, morphology and chemical compositions in cells have been used effectively, together with phylogenetic analyses based on the 16S rRNA gene sequences. Though the genus Kitasatospora is similar to the genus Streptomyces in morphology, the former is clearly different from the latter in the matter of its cell wall composition because it contains LL-and meso-DAP, glycine and galactose. The DAP isomer is one of the important criteria for chemotaxonomy. Both aerial and submerged spores contain LL-DAP, while vegetative and submerged mycelia mainly meso-DAP. This was the first information regarding the DAP isomer arising from analysis of dividing spores and mycelia in submerged culture and on solid culture. In Kitasatospora, the SS are formed in specific parts of the mycelia early, the mycelia co-existing with the SS until the culture ages significantly. It appears that, in the Kitasatospora, the tips and other specific parts of the mycelia are programmed to form the SS, whereas the SS of S. griseus are formed by fragmentation of mycelia in the later stages of submerged culture.
It might be said that Kitasatospora is a genus, which was born by the development of chemotaxonomy and confirmed by gene phylogenetic classification. Twenty-three species have been published as validly name. Various biological compounds were found from secondary metabolites of Kitasatospora strains. Genome sequences of 15 strains have been opened and the data show that sizes are as long as Streptomyces strains and there are many secondary metabolite gene clusters.
During the 50 years or so of research by the Ōmura group in the Kitasato Institute or Kitasato University, some 500 new compounds have been discovered, along with 1 new family, 14 new genera and 68 new species of microorganism. About 26 compounds, including the avermectins, staurosporine, lactacystin, setamycin, nanaomycin and herbimycin, have been used widely and successfully as medicines, agricultural chemicals or biochemical reagents. These achievements have been accomplished partially due to Ōmura's strong explorer spirit and his profound determination to create a cadre of like-minded researchers who will carry on his approach and philosophy, of which I am happy, honoured and proud to be a member. The Kitasatospora, or setamycin, stand as but one firm example of the importance of his success in the natural products field and of the benefit to science and mankind when the results of the work of he and his team are applied to overcome a variety of challenges to human health and welfare.
DEDICATION
In commemoration of Distinguished Emeritus Professor, Kitasato University Satoshi Ōmura's Nobel Prize in Physiology or Medicine, I will briefly describe the story of a genus of actinomycete, Kitasatospora. Isolation, cultivation and taxonomy of microorganisms were generally inconspicuous and unregarded in the process of search for new compounds, but Professor Ōmura changed this common sense. He always emphasized the importance of microorganisms as a resource in the search for novel compounds and inspired to isolate new microorganisms. Kitasatospora was born under his this policy. I would like to celebrate Professor Ōmura's Nobel Prize in Physiology or Medicine with my sincere appreciation.
